The atomic resolution of the scanning tunneling microscope (STM) allowed a longstanding question, the nature of the surface reconstruction of Si(111)-(7X7) (1) , to be resolved. Achieving similar resolution with the atomic force microscope (AFM) (2) under ultrahigh vacuum (UHV) has proven more difficult. The operation of an AFM is based on bringing a tip in close proximity to a surface and scanning while controlling the distance for a constant interaction force. The tip is usually mounted on a cantilever beam (CL). Progress in force microscopy toward true atomic resolution has been slower for two main reasons: (i) The nature of the forces between a tip and a sample is more complex than the tunneling current between a well-conducting tip and sample, and (ii) it is relatively easy to measure the tunneling currents (nanoampere range) with a good signal-to-noise (S/N) ratio, whereas measuring the forces required for atomic resolution imaging (nanonewton range) is a much more challenging problem, especially in UHV.
Initial reports of "atomic" resolution by an AFM in vacuum showed the periodic lattice of NaCI(001) (3) , but pirically. An amplitude of -200 A and a relative frequency shift of -0.01% turned out to be a good starting point. The noise in the surface normal (z) position is minimized by varying both the amplitude and the frequency shift.
The fm noncontact method has three advantages over the contact AFM: (i) The eigenfrequency of the PL is much higher than the 1/f corner frequency ( 1 1 ), the 1/f noise prevalent in contact force microscopy is outside of the bandwidth of the fm detector, and the noise in the fm detector is thermally limited (15) . (ii) The tip does not touch the sample during imaging (no danger of chemical bonding between tip and sample). ( iii) The fm method is sensitive to the force gradient rather than the force. Sensing the force gradient rather than the force increases the sensitivity to forces that are spatially dependent on the atomic scale. These three benefits are important for achieving ultimate resolution at small interaction forces (8) .
An image of Si (111)-(7X7) (16) taken with an STM with positive sample bias is shown in Fig. 1 For an understanding of the imaging process in any scanning probe technique, it is crucial to analyze the variation of the signal that is used to obtain the image as a function of the distance of the probe to the surface. Figure 3 shows the natural logarithm of the relative frequency change versus distance. These data were obtained by (1 1 1 presetting the frequency shift and measuring the position of the sample in the z (vertical) direction. The frequency shift increases sharply with decreasing distance until the feedback becomes unstable at distance Do, It is not possible to determine the absolute value of DO) but because we could use a PL with a similar spring constant and tip shape for tunneling (10) , I assume that Do is the distance where the PL starts to snap into the surface. Because I could obtain STM images and the distances for tunneling are on the order of 5 A, I assume that Do is less than 5 A because in the tunneling experiments, the electrostatic interaction (which was zero in the AFM experiment because of zero bias) was added to the attractive interaction. For comparison, the variation of the tunneling current with distance for a metal sample is shown by the dashed line in Fig. 3 .
Albrecht et al. given above in parentheses, which were used when Fig. 2 was obtained) .
According to Eq. 3, the minimal detectable force gradient is proportional to the inverse of the oscillation amplitude of the PL. However, a large amplitude implies that the tip of the PL is only affected by the sample during a part of its oscillation cycle. Figure 4A visualizes the geometric relations between tip and sample when the sample is imaged. The peak-to-peak amplitude of the oscillating PL is 680 A. Figure 3 indicates that the range X of the attractive tip-sample potential is only -15 Fig. 4B . The average tip radius is based on the estimate in (10); we were using similar PL tips. It has been shown that for an exponentially dependent tip-sample interaction, a tip composed of a single atom at the end of tip with a radius of 300 A will still produce atomic resolution (18 (15, 16) . The deposition of a single monolayer of SrO was inferred from the observation of a single RHEED intensity oscillation. During and after the deposition of the film, we repeatedly annealed the sample by interrupting the deposition for about 10 to 20 min to enhance surface migration. After the deposition of several layers of (Ca,Sr) CuO2, the sample was cooled in NO2 gas flow. Then gas flow was stopped, and the sample was transferred into the UHV STM chamber with a base pressure of less than 10`10 torr. To obtain information about the surface microstructure during atomic layer-by-layer growth, in some experiments we deposited a monolayer of
